Abstract
Gap junction
Gap Junctions (GJ) are one of the key means of cell-tocell communication for exchanging ions and small molecules between cells [1] . They are composed of oligomeric structures called connexons, which are constituted of a large family of protein subunits called connexins. A full GJ is formed of two connexons (there are hence called hemichannels) joined in series; each hemichannel spans the membrane of its respective cell. Connexin proteins are found in all vertebrates; invertebrates use a different family of proteins called innexins [1] .
In humans there are at least 20 connexin genes expressed in a variety of systems. Defective connexin proteins are implicated a broad range of human diseasesin cataractogenesis [2] , hereditary deafness [3] , infertility [4] , Psoriasis [5] , carcinogenesis [6] impaired inflammatory responses [7] , X-linked Charcot-MarieTooth disease [1] etc. Particularly relevant to the present paper is the role of GJs in cardiac disease which have been related to heart failure [9] , arrhythmogenesis [10] , and atherosclerosis [11] .
It is recognized that conduction properties of atria and ventricles depend on spatial distributions of GJs in the two regions [12] . Experimentally induced uncoupling of GJs resulted in altered activation sequence [13] . Abnormal GJ coupling is implicated as having a causative role in ventricular arrhythmias associated ischemic and hypertrophic heart diseases [10, 14, 15] . GJ distribution is also known to be remodeled by external pacing [16] .
This crucial role of GJs in cardiac rhythm shaping is understandable if we adopt the view of heart as a network of cardiac oscillators communicating through conducting channels -the GJs. Since heart is a network, the pattern of connectivity determines activation sequence. Thus it is the GJs that primarily determine the network structure and electrical function of the heart. We have earlier suggested that the phenomenon of cardiac memory, which refers to the property of the heart to produce persistent responses to external stimuli, is closely related to GJs [17] . Our argument gains strength from the available knowledge of learning and memory mechanisms in nervous system.
Neural memory mechanism
A fundamental tenet of modern neuroscience is that synaptic modification underlies all learning and memory phenomena in the nervous system. Synaptic modification or plasiticity, is known to be activity-dependent, in that it depends on the electrical signaling in the neurons connected by the synapse. One such activity-dependent rule of synaptic plasticity is known as the Hebbian learning according to which a synapse connecting a pair of neurons with correlated activity must be strengthened; one connecting neurons with uncorrelated activity is weakened. Abundant evidence for Hebbian-like synaptic adaptation is found in the phenomena of LTP and LTD. The success of Hebbian mechanims in explaining memory mechanisms in the brain is well documented (see [15] for a survey).
The model
The Noble model [18] , one of the most detailed biophysical models of cardiac cell, is used in our simulations. In abbreviated form the membrane voltage dynamics of Noble-Noble cell is given as: ) (
where V 1 and V 2 are the membrane voltages of cells 1 and 2 respectively; I 1 ionkin and I 2 ionkin represents the total ion channel currents in cells 1 and 2; g j represents the conductance of the GJ connecting the two cells.
When the two cells 1 & 2 are in autorhythmic mode, they synchronize only when the individual frequencies of the two cells, f 1 and f 2 are sufficiently close, and the coupling conductance is sufficiently high. When the cells do synchronize, and beat at a common frequency, f (where, f 1 < f < f 2 ), the phase difference between the two cells, φ, increases with decreasing conductance, g j .
It has been proposed that cardiac memory gives increased stability to cardiac activation pattern in the sense that the memory mechanism can dissipate small perturbations to activity. Since a robust cardiac activation pattern depends on stable phase-relationships among cardiac oscillators GJs are most likely to have a role in the memory effect. Hence our hypothesis for GJ-based cardiac memory mechanism: cardiac memory is the result of a cell-to-cell interaction that tries to maintain a fixed relationship between phase and GJ coupling under varying external stimuli. Cells try to compensate for any change in phase difference by making adaptive changes to GJ coupling strength. This GJ adaptation dynamics is given as:
where 'w' is an abstract variable representing short-term correlation between V 1 (t) and V 2 (t). Then, g j can be estimated from 'w' as:
where for a given pair of cells, F(w) is found empirically from simulations. Eqn. (2.4) is analogous to Hebb-like mechanisms proposed to explain learning related phenomena in the brain.
Simulation experiments
All the simulations revolve around a pair of Noble cardiac cell models. Fig. 1 (a) shows the membrane voltages of two cells, with intrinsic frequencies f 1 =50 bpm and f 2 =60 bpm, and a coupling conductance (G cpl ) of 5e-5 S/mm 2 . A sharp spike followed by a plateau due to slow calcium kinetics, characteristic of cardiac action potential, can be seen in the waveform. External current inputs given to the two cells are generated by simulating another cell model with intrinsic frequency f = 59 bpm. This frequency is chosen because it falls in the range of common frequencies at which the two cells entrain. The two external inputs have the same amplitude (15 mA/mm 2 ). Since presentation of external inputs disturbs the relation between phase difference and coupling conductance, learning mechanisms (eqns. (2.4 & 2.5)) are triggered and the cell pair system searches for a value of G cpl that is more appropriate for the new, imposed value of phase difference. For a cell pair (with f 1 =50 bpm and f 2 =60 bpm) driven by external current inputs (I ext =15 mA/mm 2 , phase difference, φ ext = 45 o ) the phase difference between the membrane voltages of the two cells in four different stages -1) natural condition i.e., before learning without external input), 2) with external input, just before learning, 3) after learning with the external input still present, and 4) after learning with external input removed -are observed. The long term change in phase difference produced by the external input, supported by GJ adaptation, is the basic memory effect (Fig. 1) .
In the second study, external inputs are given for both short (10 secs) and long duration (30 secs). In the case of short duration external signal, the effect of external signal disappears after removal of the signal, whereas in long duration signal, the cells search for a new value of G cpl and input signal disturbance is imprinted on the pair of cells (Fig. 2.) The third study, two cells with a coupling conductance (G cpl =5e-5 S/mm 2 ) entrain with a phase difference of φ=31.86
o . This phase difference increases with decreasing G cpl (within limits). The range of values of G cpl for which a pair of cells are entrained depends on the difference in intrinsic frequencies of the two cells (f 1 -f 2 ) as well as coupling conductance. From our simulation, it is observed that the range of coupling conductance for which a pair of Fig. 3) . This shows that GJ adaptation improves synchronization.
In the fourth study, external inputs are presented with a frequency of 59 and variable phase difference (0° to 150°). During this simulation, the steady state value of GJ conductance (G CPL (SS)) and rms value of junctional voltage (V_rms) have been recorded. The relation between G CPL (SS) and V_rms (Fig. 4) closely resembles the familiar bell-shaped relationship between (G CPL (SS)) and steady state junctional voltage (V j ) [19] . 
Discussion
The paradigm shift that came in the field of neuroscience in the 80's is often called "Connectionism" because it recognized the supreme importance of neural connections in determining brain function. It is now axiomatic that synaptic (connectionist) modification underlies learning and memory in the brain. Taking this analogy into cardiac electrophysiology we hypothesize that adaptation of GJs a la neurons forms the basis of cardiac memory effect [17] .
In the present paper we show that the proposed mechanism of GJ adaptation explains several known phenomenological properties of cardiac memory. Most importantly we show that proposed GJ adaptation has deep ties with known electrophysiology of GJs -the bellshaped dependence of steady-state GJ conductance, g ss on junctional voltage, V j . Our model points out the need to take a fresh look at the significance of GJ electrophysiological properties.
Standard protocols that study GJ electrophysiology involve a pair of coupled cells in which the voltage of one cells is clamped at a fixed value, while a step voltage is maintained (by feedback) in the second cell. The steady state GJ conductance has a bell-shaped dependence on junctional voltage Vj, maintained at a constant level. It is not clear what is the relevance of such an experimental protocol to in vivo cardiac situation since in vivo cardiac activity is time-varying. Our simulations show that the same bell-shaped dependence is confirmed in oscillatory case also though the constant Vj is replaced by its RMS value. However, it remains to be seen experimentally whether GJ dynamics in cardiac cells interacting with action potentials follows the pattern of GJ evolution seen in currently applied protocols with steady state cell voltages.
